Seeing is believing. We have been reminded of this proverb when we received the news of the discovery of GW150914, the first direct detection of gravitational waves (GWs) [1] . The existence of GWs has been believed, since Russel Hulse and Joseph Taylor discovered the binary pulsar PSR B1913+16 in 1974 [11] . The long-term radio observation of this system showing that the observed orbital decay is well described by the energy/angular momentum loss due to GW emission as predicted by Einstein in 1915 [12] . However, the direct detection of GWs had an extraordinary impact not only to the scientific community but also to the general public.
The first five GW sources [1, 2, 3, 4, 5] were identified to be binary black holes (BHs). They have mass ranges between 20 ∼ 60 M⊙, which are heavier than known BHs in our Galaxy as stellar ones. In addition to the confirmation of the existence of binary BHs itself, which is one of the scientific achievements, more GW observations will allow us to understand better about the formation and evolution of binary BHs.
The latest event GW170817 [6] , was the long-sought event of binary neutron star (NS) merger. The distance and location of GW170817 was narrowed down to 40 ± 8 Mpc and about 30 deg 2 in the sky by the LIGO-Virgo observation, allowing astronomers to identify electromagnetic counterparts and the host Galaxy (NGC 4993) [13] . Furthermore, afterglows from the merger remnants and later outcomes via various baryonic interactions were observed by the telescopes on the Earth as well as space satellites from radio to γ-rays. All these discoveries are success stories of the longbaseline laser interferometers as a highly effective tool to explore the universe via GWs. LIGO consists of two 4-km laser interferometers in Livingston, Louisiana and Hanford, Washington in the USA. Virgo is a 3-km interferometer located in Pisa, Italy. Coincident signal-extraction analyses of these three detectors can eliminate false detections due to noise, and by using triangulation, the source location in the sky can be determined within several tens of square degrees. For a more precise source localization and binary parameter estimation, it is essential to extend the global network of GW detectors, with KAGRA being the next to come online. Fig. 1 shows the location of KAGRA, where the interferometer shares the area with the well-known neutrino detectors, Super-Kamiokande and KamLAND. Kamioka is a small town, with its biggest claim to fame being an old mine located at 1.5 hour driving distance from the city of Toyama.
Comparing to existing laser interferometers, KAGRA is technologically unique in two features. First, it is located in an underground site in order to reduce the seismic noise. In addition, KAGRA's test masses are sapphire mirrors that are designed to be operated at cryogenic temperatures (∼20 K) in order to reduce thermal noise. KAGRA is a resonant sideband extraction (RSE) interferometer [14] , and quantum nondemolition techniques [15] are planned to be applied to beat the standard quantum limit of displacement measurements. As a result, KAGRA is expected to reach an equivalent sensitivity to those of Advanced LIGO/Virgo; 2 × 10 −24 / √ Hz at 100 Hz.
Milestones of KAGRA construction and operations
In Japan, plans to construct interferometric GW detectors started in the 1980s. In the early 90s, the Institute of Space and Astronautical Science (ISAS) and the National Astronomical Observatory of Japan (NAOJ) constructed a 100-m delay-line Michelson interferometer (TENKO-100) [16] and a 20-m Fabry-Perot Michelson interferometer [17] , respectively. The former realized 102-times-long light paths of the arm length (the equivalent of a 10.2-km arm length) and reached a sensitivity of 1.1 × 10 −19 / √ Hz in the frequency range of 800 Hz -2.5 kHz.
In 1995, the construction of a 300-m Fabry-Perot Michelson interferometer, called TAMA (or TAMA300) [18] , began in the Mitaka campus of the NAOJ. The TAMA detector's name is originated from the area where NAOJ is located in. After 3 years of commissioning, the TAMA interferometer was operated for the first time in 1998 with a sensitivity (5 × 10 −21 / √ Hz). In 2000, the 40-m prototype of LIGO was built, but the 1998 sensitivity achieved by TAMA remained to be unbeaten.
In 2001, TAMA was successfully operated for more than 1000 hours [19] and in 2002, it also took part in a joint operation with LIGO's 2nd science run (S2) for two months. TAMA was planned as a prototype in order to develop future technologies for a km-scale interferometer which included a power-recycling system and a seismic attenuation system (SAS). TAMA's final (and best) sensitivity of 1.3 × 10 −21 / √ Hz was obtained at around 1 kHz. TAMA was located in a city of Mitaka, a suburb of Tokyo. In the frequency band below 100 Hz, therefore, significant seismic noise due to human activities in and around the mega city was inevitable. In order to overcome the large seismic noise, it was decided to put a planned future interferometer underground. An old mine in a mountain in Kamioka was selected as the site of this new interferometer and experiments for early commissioning began. The LISM [20] (Laser Interferometer Small Observatory in a Mine) project (2000-2002) brought a 20-m Fabry-Perot interferometer from NAOJ to Kamioka and confirmed that the Kamioka site is less affected by seismic noise than the Tokyo/Mitaka area. The LISM and TAMA groups performed a simultaneous observation and the first veto analysis that aims to remove false triggers caused by the instrument [21, 22] .
The Cryogenic Laser Interferometer Observatory (CLIO) [23] was constructed next in Kamioka from 2002. CLIO was an interferometer with two perpendicular 100-m arms and sapphire mirrors were installed and cooled down to 20 K. The operation started in 2005 and the experiments continued until 2010. This system reduced various thermal noises and the seismic noise was two orders of magnitude lower than that of the Tokyo area.
Although various experiments showcased the possible scientific achievements of the project and the plausibility of fundamental technologies, the proposal for developing a km-scale cryogenic GW detector was in limbo for many years. This was mainly due to the fact that there was no GW detection reported in 2000s. Without a detection, the proposed kmbaseline interferometer concept LCGT [24] was considered to be too expensive and too risky. The current was changed when Takaaki Kajita became the director of the institute for cosmic ray research (ICRR, Univ. of Tokyo) in 2008. He realized the situation and decided to lead the GW project by his own account, that was the starting point of the current project. The LCGT project was finally approved in 2010 with the starting budget 14 billion JPY (150 million USD) for construction, and the excavation of the tunnels in Kamioka began in 2012, after an one-year delay due to the 2011 Tohoku Earthquake. During the construction, LCGT was given its nickname, KAGRA, chosen from a public naming contest. The name KAGRA is taken from KAmioka (the location) plus GRAvity; the Japanese word kagura reminds a type of traditional sacred dance accompanied by music dedicated to gods.
After a two-year excavation and another two-year facility installation period, KAGRA performed a test operation in March and April 2016 with a simple 3-km Michelson interferometer configuration, called iKAGRA (initial KAGRA) [25] .
The strain sensitivity of iKAGRA was limited by seismic noise below 3 Hz, by acoustic noise over 100 Hz to 3 kHz, and by sensor noise at 3-5 kHz. Unfortunately, a series of large earthquakes hit the Kumamoto area during the period of iK-AGRA operations. Such noise sources were not avoidable with the iKAGRA configuration, but iKAGRA still provided the collaboration with invaluable experiences in controlling the km-scale laser interferometer with unprecedented sensitivity. 
Current status of KAGRA
Right after the iKAGRA operation, the KAGRA collaboration put great effort and spent for two more years in upgrading of the whole system: installing cryogenic facilities, upgrading vibration-isolation systems and high vacuum systems. This period is called the phase-1 of bKAGRA (baseline KAGRA). KAGRA is the world's third largest vacuum system; the first two are LIGO-Livingston and LIGO-Handford. One of the major upgrades is the vacuum system; KA-GRA now has the world's tallest vibration isolation systems (13.5 m) which help to reduce seismic noise at low frequencies. Two 23-kg sapphire mirrors have been installed at both ends, and one of them was kept at 18 K for 30 days continuously.
Due to a leakage of the vacuum that was found in April 2018, the experimental operation was delayed for five days, but the phase-1 operation was successfully undertaken for 9 days from April 28 to May 6, 2018. The duty cycle of the first 5 days of the phase-1 operation reached 88.6% between April 28 and May 2, while the duty cycle on May 3 & 4 dropped to 26.8%, and slightly improved to 59.8% on the final days (May 5 & 6). The low duty cycle on May 3 and afterwards were mainly attributed to the micro-seismic noise caused by a heavy storm, local earthquakes, and volcano eruptions in Hawaii. The obtained sensitivity during the phase-1 was worse than the final sensitivities of TAMA and CLIO, apart from the lower frequencies, where KAGRA's sensitivity was indeed better than TAMA. (see the designed sensitivity of bKAGRA in Fig. 2 ). More detailed results of the phase-1 operation will be reported elsewhere.
On May 7 2018, the KAGRA collaboration announced the beginning of phase-2 and has been working on the installations/upgrades of more instruments, such as additional optics and a new higher power laser source.
Since the beginning of the iKAGRA commissioning, one of the important goals of the KAGRA collaboration has been to contribute to the international efforts for GW detection.
As shown by the LIGO-Virgo joint observations of GW170814 and GW170817, independent detections at different sites on Earth will be not only useful for increasing the signal-to-noise ratio of a GW trigger signal but also important to better constrain the GW source location. Increasing the number of detectors is also intrinsically essential to distinguish polarization modes of GWs. When KAGRA will be added to the global network of GW detectors, the total network sensitivity will be plausible to search for signatures due to non-tensorial GWs and to more stringently test general relativity [26] .
With this in mind, there have been calls from both within and outside of the collaboration to take part in joint observations. In order to take advantages of a quadrupole detector network around the Earth for GW search, the KAGRA collaboration has been investing great effort to accelerate its commissioning schedule than the plan shown in the "Scenario paper" [27] . If everything goes well, KAGRA will join the LIGO/Virgo's 3rd observation run (O3), which is planned to start from February 2019 and last for a year.
The latest road map of KAGRA's GW observation is presented in Fig. 3 , along with the time line of the LIGO/Virgo observation plans. This figure is an update of Fig. 2 in [27] . By March 2019, almost all the optics for the final interferometer configuration are to be installed. After some tuning of the interferometer, KAGRA plans to begin its observation phase no later than October 2019. If RSE implementation is ready, then KAGRA will start with 25 Mpc observational range in NS-NS binary coalescence, which distance is in the same level of Virgo in the end of O2. While waiting the operation of the interferometer ready, the data analysis groups in KAGRA are planning to start co-data analysis with LIGO/Virgo groups from the beginning of O3. After O3, KAGRA will also try to catch up with LIGO/Virgo's O4 schedule from its beginning. The main interferometer components will be planned to be installed by March 2019, and for O4, we expect to approach the designed sensitivity at the horizon distance of 130 Mpc for NS-NS binary inspirals in the broadband configuration. KAGRA. An un-offical update of Fig. 2 presented in [27] . The color bars indicate the first (blue), second (green), and third (red) observation period. Details of the KAGRA's long-term plan is still in discussion. In principle, the collaboration aims that, after joining O3 of LIGO/Virgo in its later phase, KAGRA will begin an observation run from the beginning of O4 coordinated with other detectors.
KAGRA international collaboration
The KAGRA collaboration is by all means international. As of October, 2018, the collaboration consists of more than 200 researchers from 90 institutions in 15 countries and regions. KAGRA collaboration has a decision making body in science, named KAGRA Scientific Congress (KSC). KSC organizes the KAGRA international workshops outside of Japan twice every year and interact with a broader scientific community.
KSC is also setting the organization for future joint observations, and is now re-organizing data-analysis groups in order to match their structures with those of LIGO/Virgo groups. Data analysis teams are preparing the original analysis codes, called "KAGRA Algorithmic LIbrary" (KAGALI); kagari is also the Japanese word, bonfire at the celebration party. The code includes, for example, a couple of new methods for extracting ring-down waveform solely with a purpose for testing gravity theories, and such new ideas are expected to enhance the advantages of joint observations with LIGO/Virgo.
Including the ELiTES project in 2012-2017, KAGRA collaboration has been trying to expand international collaboration. For example, the "core-to-core (C2C)" program funded by Japan Society for the Promotion of Science (JSPS) is dedicated to human resource exchanges and organizing academic meetings relevant to KAGRA and GW science.
In addition to local computing centers in Kamioka observatory, ICRR, and Osaka City Univ., etc., KAGRA collaboration runs two mirror sites for data storage in Korea (KISTI) and in Taiwan (Academia Sinica). KISTI and Academia Sinica also provide computing resources for data analysis.
KAGRA's future
The LIGO and Virgo collaborations have plans to upgrade their detectors to A+ [28] and AdV+ [29] to improve the sensitivity by a factor of roughly 2 compared with the original Advanced LIGO and Advanced Virgo designs. For example, both A+ and AdV+ detectors will incorporate frequency dependent squeezing to reduce quantum noise and lower-loss coating to reduce coating thermal noise.
Similarly, the KAGRA collaboration have recently started planning for an upgrade of KAGRA to realize the binary neutron-star range of more than 150 Mpc. KAGRA has a unique potential to improve the sensitivity because of its cryogenic operation and lower seismic noise compared to LIGO and Virgo. The completion of the A+ and AdV+ upgrades is expected by ∼ 2023, and the KAGRA collaboration aims for a similar timeline for KAGRA.
Cryogenic operation and underground construction are expected to be key technologies of the third generation largescale GW detectors. For example, collaborative R&D activities between KAGRA and the next generation projects, as represented by the ELiTES (ET-LCGT Telescopes: Exchange of Scientists) project have been supported by the Japanese government and European Commission in 2012-2017.
The KAGRA project could be possible to be realized backed by enormous support from the scientific community as well as a great effort by researchers around the world.The upgraded bKAGRA is about to see the "first light" in 2019. Nobody doubts the importance of GW research in astronomy, physics, and also in engineering. We believe KAGRA will definitely contribute to these fields, especially to GW science, and help to broaden our understanding of gravity and of the Universe.
